Patients with craniopharyngioma (CP), a tumor located in the pituitary and/or hypothalamus, are susceptible to developing obesity and many metabolic complications. The study aim was to create a rodent model that mimics the complex neuroanatomical and metabolic disturbances commonly seen in obese CP patients. We compared the metabolic phenotype of animals with three distinct types of hypothalamic lesions: 1) destruction of the arcuate nucleus (ARC) induced by monosodium glutamate (MSG), 2) electrolytic lesion of the adjacent ventromedial nucleus (VMN) alone, 3) both the VMN and dorsomedial nucleus (DMN), or a 4) combined medial hypothalamic lesion (CMHL) affecting the VMN, DMN, and the ARC. Only the CMHL model exhibited all key features observed in patients with hypothalamic obesity induced by CP. These features included excessive weight gain due to increased adiposity, increased food intake, and pronounced hyperinsulinemia and hyperleptinemia. Similar to characteristics of patients with CP, CMHL animals exhibited reduced plasma levels of alpha-melanocyte stimulating hormone and reduced ambulatory activity compared with weight-matched controls. Therefore, the CMHL model best mimics the complex metabolic abnormalities observed in obese CP patients compared with lesions to other hypothalamic areas and provides a foundation for future pharmacological approaches to treat obesity in children with hypothalamic damage. (Pediatr Res 69: 230-236, 2011) C raniopharyngioma (CP) is an embryological tumor with low-grade histological malignancy originating from ectodermic cell remnants of the Rathke pouch and developing along the hypothalamic-pituitary region (1,2). Tumor resection, with or without radiotherapy, causes obesity in approximately one half of patients with CP and is characterized by increased food intake, reduced physical activity, and daytime sleepiness (3-7). Moreover, thus far, dietary or pharmaceutical approaches used to treat obesity in patients with CP after surgery have been largely unsuccessful or had limited success (8 -13).
C raniopharyngioma (CP) is an embryological tumor with low-grade histological malignancy originating from ectodermic cell remnants of the Rathke pouch and developing along the hypothalamic-pituitary region (1, 2) . Tumor resection, with or without radiotherapy, causes obesity in approximately one half of patients with CP and is characterized by increased food intake, reduced physical activity, and daytime sleepiness (3) (4) (5) (6) (7) . Moreover, thus far, dietary or pharmaceutical approaches used to treat obesity in patients with CP after surgery have been largely unsuccessful or had limited success (8 -13) .
The hypothalamus is well recognized as a key brain area critical in the regulation of energy balance. Based on brain lesion experiments, the ventromedial nucleus (VMN) and the paraventricular nucleus (PVN) of the hypothalamus were identified as "satiety" centers, as lesions to these brain areas caused hyperphagia and obesity, while electrolytic stimulation of either the VMN or PVN reduced food intake (14) . Conversely, the lateral hypothalamic area (LHA) was identified as a "hunger" center, as stimulation of this brain area increased feeding while lesioning of the LHA caused reduced food intake and weight loss (15, 16) . In addition, the arcuate nucleus (ARC), which is located adjacent to the floor of the third ventricle, senses and responds to signals that convey information regarding both energy stores and nutrient availability and thereby makes adjustments in systems that control food intake and energy expenditure (EE) (17) .
The aim of this study was therefore to create a rat model that effectively mimics the neuroanatomical and metabolic disturbances characteristic of obese CP patients, so as to guide translational research aimed at the identification of options to prevent or treat CP-induced obesity in humans. Our data suggest that compared with lesions to the ARC, VMN, and dorsomedial nucleus (DMN), a combined medial hypothalamic lesion (CMHL) that affects each of these brain areas causes an array of metabolic abnormalities resembling those observed in obese CP patients and may therefore help to guide future investigation into the efficacy of pharmacotherapy of obesity in patients with CP.
METHODS

Animals.
Pregnant female Sprague-Dawley rats were purchased from Charles River Laboratory (Wilmington, MA). Litter sizes were adjusted to 10 -11 animals per dam. Newborn male pups were treated with monosodium glutamate (MSG) or saline as described below. After weaning at 22 d of age, pups were raised in groups of 3-4 animals per cage. For stereotaxic electrolytic lesions, young adult male Sprague-Dawley rats (Charles River), weighing 210 -230 g, were used. Adult male obese (fa k /fa k ) Koletsky rats (Vassar College, Poughkeepsie, NY) were generated from serial backcrosses (N10 equivalent) of the fa k mutation to the inbred rat strain, LA/N. Animals were maintained on a 12/12-h light-dark cycle (07:00 -19:00 h) in a temperature and humidity controlled room with ad libitum access to regular chow (5053 Pico Lab Rodent Diet 20; Purina LabDiet, Richmond, CA) and water. All procedures performed were approved by the Institutional Animal Care and Use Committee at the Seattle Children's Research Institute and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
MSG-induced lesions of the ARC. During the first 10 d of life, male pups (n ϭ 8 -10/group) received a 3.5 mg/g body mass MSG (L-MSG; Sigma Chemical Co.-Aldrich, St. Louis, MO) or 0.9% saline s.c. with the final injection volume adjusted with saline to 25 L per rat. Pups received injections every other day for a total of five doses (18, 19) . Body weight and food intake measures were recorded weekly.
Electrolytic lesions. This study used the coordinate system to determine the placement of electrode using the interaural line and bregma as a reference. Animals were mounted in a Kopf stereotaxic instrument (Tujunga, CA) under anesthesia with isoflurane-oxygen mixture. The ratio of isoflurane-oxygen was adjusted to 2-4% throughout the surgical procedure. The upper incisor bar was 3.5 mm above the interaural line. To target lesions to specific hypothalamic nuclei, we placed the insulated stainless steel electrode to stereotaxic coordinates based on previously published studies (20 -22) . Specifically, to target lesions to the VMN (n ϭ 6 -8 group), an electrical current was passed through the tip of the electrode placed 2.6 mm posterior to the bregma, 0.7 mm lateral to the midsagittal line, and 9.6 mm ventral from the skull according to the atlas of Paxinos and Watson (23) . An electrical current of 1.2 mA was then passed for 15 s on each side (24) . To create a lesion to the VMN and DMN, the electrode was stereotaxically placed to the same position and the electrical current was increased to 2.0 mA for 15 s on both sides ( Fig. 1C and D) . To target the ARC, in addition to the VMN and DMN, a novel combined ARC/VMN/DMN (CMHL, see Fig. 1E ) lesion was created by combining two lesions on each side. First, a VMN/DMN lesion was been created [using the coordinates 2.6 mm posterior to the bregma, 0.5 mm lateral to the midsagittal line, and 8.6 mm ventral from the skull (2.0 mA for 15 s on each side)]. Using the same lateral and posterior coordinates, the electrode was lowered to 10.0 mm ventral from the skull, which not only results in a lesion of the ARC but also the ventral part of the VMN (ARC/VMN, 2.0 mA for 15 s on each side). Animals were allowed to recover and food intake and body weight were measured weekly.
Meal pattern, EE, and body composition analysis. Body composition analysis and indirect calorimetry and locomotor activity measurements were performed using the University of Washington's Nutrition Obesity Research Center Animal Studies Core facility. EE was assessed using a computercontrolled calorimetry system (Oxymax; Columbus Instruments, OH) as previously described (25) and analyzed using a regression analysis approach (26) . Locomotor activity was assessed by the infrared beam breaks using an Opto-Varimetrix-3 sensor system (Columbus Instruments, Columbus, OH). Body composition analysis of lean mass, fat mass, and water content in vivo was performed in immobilized rats by quantitative magnetic resonance (EchoMRI body composition analyzer; Echo Medical Systems, Houston, TX).
Collection of tissues and fluids. Blood was collected from tail vein or by collection of trunk blood at the end of the experiments. Blood was drawn into prechilled EDTA tubes, centrifuged immediately at 4°C, aliquoted, and stored at Ϫ80°C. Plasma immunoreactive insulin and leptin levels were determined by ELISA (Crystal Chem, Chicago, IL). Plasma levels of corticosterone and testosterone were measured at the University of Virginia Center for Research in Reproduction (Charlottesville, VA). Plasma IGF-1 was determined by ELISA (Quantikine, R&D systems, Minneapolis, MN), plasma thyroxine (T4) was determined by ELISA (Calbiotech, Spring Valley, CA), and plasma alpha melanocyte-stimulating hormone (␣-MSH) levels were determined by a commercially available enzyme immunoassay (EIA) kit (Phoenix Pharmaceuticals, Burlingame, CA) after reversed-phase solid-phase extraction of plasma samples. For all measurements, intra-assay coefficients of variation were Ͻ7% and interassay coefficients of variation were Ͻ10%.
Immunohistochemical verification of lesion site. At the completion of the study, brains were immediately removed and a 5-mm-thick coronal slice including the hypothalamus was placed into a 20 mL scintillation vial filled with 4% paraformaldehyde in PBS (USB, Cleveland, OH) for 48 h, followed by 48 h in 25% sucrose in PBS, which served as a cryoprotectant. Brains were then stored at Ϫ80°C. Coronal sections (50 m) were taken, mounted on microscope slides, and stained with Cresyl violet as previously described (27) . Animals with misplaced lesions were excluded from analysis (Ͻ10% animals). Slides were examined under an Olympus SZX16 microscope using a SDF PLAPO 5ϫ objective lens.
Statistical analysis. All results are expressed as mean Ϯ SEM. Statistical analyses were performed using GraphPad Prism Software (LA Jolla, CA) and SPSS (version 17; IBM, Chicago, IL). For unadjusted analyses, a one-way ANOVA with Newman-Keuls Multiple Comparison Test post hoc test was used to compare mean values between multiple groups, and a two-sample unpaired t test was used for two-group comparisons. In analyses requiring adjustment for body size disparity, analysis of covariance using the general linear model procedure in SPSS was used to compute adjusted group means. In all instances, p Ͻ 0.05 was considered significant.
RESULTS
Effect of MSG-treatment on energy homeostasis and hormonal measures.
Lesions selective for the ARC were performed by neonatal application of MSG using a standard dose of 3.5 mg/g body mass per injection (18, 19) . At 15 wk of age, MSG-treated rats had a greater percent body fat, despite significant reductions of body weight, food intake, and body length relative to vehicle-treated controls (Table 1) . This increase in % body adiposity was accompanied by an increase in the Lee index, a marker of adiposity calculated by the cube root of body weight (g) ϫ 10 divided by naso-anal length (mm) (28) , and increased plasma levels of insulin and leptin (Table 1) . Although there were no differences in plasma corticosterone or testosterone levels, consistent with a deficiency of growth hormone and reduced linear growth, plasma IGF-1 levels were significantly reduced in MSG-treated animals compared with vehicle-treated controls ( Table 1) .
Effect of electrolytic lesions to the VMN and VMN/DMN on energy homeostasis and hormonal measures. We next performed electrolytic lesions targeted to the VMN. Histolog- ical analysis using cresyl violet staining was used to verify the site of the lesion to the VMN relative to sham-treated controls (Fig. 1A-C) . As expected, an electrolytic lesion to the VMN caused an increase in body weight gain and transiently increased food intake relative to sham-treated controls, without changes in body length. This increase in adiposity was accompanied by an increase in plasma leptin levels (d 28) relative to sham-treated controls without changes in plasma insulin levels. We next performed an electrolytic lesion targeting both the VMN and DMN. Histological analysis with cresyl violet staining revealed lesions to the VMN and large areas of the DMN, while the ARC remained intact (Fig. 1D) . This VMN/ DMN lesion caused a further increase in body weight gain, body adiposity (as measured by the Lee index), and food intake compared with lesions restricted to the VMN alone or sham-treated controls. In addition, plasma insulin and leptin levels were significantly increased in VMN/DMN lesioned rats compared with sham-treated controls, while plasma IGF-1 and testosterone levels were reduced ( Table 2 ; Fig. 2E and F) .
Effect of CMHL on energy homeostasis and hormonal measures. As patients with CP susceptible to hypothalamic obesity often have damage that includes the hypothalamic ARC, VMN, and DMN, we created a combined CMHL to mimic this pattern of brain injury (Fig. 1E) . CMHL rats exhibited a greater increase in body weight gain, food intake, and obesity compared with lesions to the VMN or VMN/ DMN, particularly during the first 2 wk after surgery (Table 2 ; Fig. 3 ). In addition, CMHL rats exhibited marked increases of plasma insulin and leptin levels within 7 d after surgery (Fig.  4A and B) Fig. S1 , http://links.lww.com/PDR/XXX). Although plasma corticosterone and testosterone levels were reduced 7 d after surgery, these were maintained at levels similar to those of sham-treated controls throughout the experiment, while IGF-1 plasma levels were reduced ( Table 2 ; Fig. 4C and D) . Plasma T4 levels were reduced at all time points after CMHL (Fig. 4E) .
Parameters assessed in metabolic cages. To determine whether reduced ambulatory activity and/or metabolic rate also contribute to the phenotype of CMHL rats, we placed both CMHL and sham-treated rats in metabolic cages. We used a regression-based approach, which is now considered the recommended method for normalizing EE in rodents to account for variation in both fat mass and lean body mass (26) . To further control for changes in body weight and body fat, we also studied genetically obese, leptin receptor-deficient Koletsky rats. Here, we found that ambulatory activity levels in CMHL rats were reduced relative to Koletsky rats, even after adjusting for differences of body size. After adjusting for lean body mass, fat mass, and activity, EE did not differ between CMHL rats compared with sham-treated controls, although physical activity levels were significantly reduced (Fig. 5A-D) . Thus, obesity in this model does not involve a hypometabolic mechanism after correction for the different levels of activity. However, when EE was expressed as a percentage of control, i.e. CMHL normalized to sham-treated rats and obese Ko- letsky rats to lean Koletsky rats, unadjusted EE was lower in CMHL than in obese Koletsky rats (Fig. 5E ).
DISCUSSION
Although lesions targeting individual hypothalamic nuclei have been studied for many years in rodents (14,18,24,29 -32) , these lesion models fail to recapitulate the metabolic sequelae characteristic of obese CP patients. Patients with CP with increased susceptibility to obesity typically have tumors that affect multiple hypothalamic areas that regulate energy balance (33) . Although recent studies using gene-specific knockout models were strong to identify key mediators of energy homeostasis and monogenic causes of obesity, these models could not be applied for our purpose, as more complex interacting systems are affected by hypothalamic damage including several neuronal systems and cross-fibers. We therefore created a novel CMHL model in which the ARC, VMN, and DMN are each destroyed bilaterally in an effort to mimic the unique features characteristic of obese CP patients. Body weight gain, body adiposity, and food intake were each in- creased in CMHL rats relative to rats with lesions of the ARC induced by MSG, with electrolytic lesions of the VMN, or with lesions of both the VMN and DMN, and these effects were accompanied by more pronounced hyperleptinemia inappropriate for the degree of adiposity. Moreover, similar to what is observed in obese CP patients (34) , CMHL rats exhibited a selective reduction in plasma ␣-MSH levels relative to the other groups, and were also characterized by reduced locomotor activity, even after adjusting for differences in body size. The CMHL model therefore mimics both the neuroanatomical and metabolic phenotype of obese CP patients better than any of three other hypothalamic lesion models. We therefore anticipate that the CMHL model will be useful in future studies aimed at testing the efficacy of pharmaceutical treatment of obesity in patients with CP. Although hypothalamic obesity in patients with CP commonly involves damage to the ARC, our findings suggest that this type of lesion cannot completely account for every clinical feature typical of obese CP patients. We found that although rats with neonatal MSG-induced ARC lesions exhibited increased body adiposity and hyperleptinemia, these animals also had reduced food intake and stunted growth. In contrast to destruction of the ARC alone, lesions of the VMN cause an obese-hyperphagic phenotype (35) characterized by hyperinsulinemia (36) and reduced sympathetic activity (37, 38) , resembling some of the clinical features of patients with CP. Obese CP patients are characterized by a pronounced hyperleptinemia (39) , hyperinsulinemia, and insulin resistance compared with BMI-and sex-matched controls (33) .
The ARC is a key hypothalamic area that contains two neuronal populations important in the regulation of energy homeostasis. One of these neuronal populations expresses the pro-opimelanocortin (POMC) precursor, which is cleaved to generate melanocortin peptides such as ␣-MSH that inhibit food intake and stimulate EE. An adjacent neuronal subset expresses neuropeptide Y (NPY), as well as agouti-related peptide (AgRP), a melanocortin-4 receptor (MC4R) antagonist. In contrast to POMC neurons, NPY/AgRP neurons stimulate food intake and reduce EE (40) . These effects on energy balance are mediated via several second-order hypothalamic targets that express both the MC4R and NPY receptors (41) and regulate autonomic outflow (42) . Among key neuronal populations that respond to input from the ARC are those found in the PVN that suppress food intake, such as corticotropin-releasing factor, TSH-releasing hormone, and oxytocin (43) (44) (45) . Consequently, as a result of lesions that also effect the ARC, these two key neuronal populations would not be able to receive input from key hormones including leptin, insulin, peptide YY, and ghrelin (33) among others and thereby activate downstream pathways that regulate food intake and EE.
As a consequence, CMHL rats exhibit a more pronounced hyperphagic, obese phenotype compared with rats with lesions to the VMN or VMN/DMN. Moreover, consistent with that observed in obese CP patients, CMHL rats exhibit reduced ambulatory activity levels that cannot be accounted for by obesity, as this was not observed in obese-matched, leptin receptor-deficient animals. These data also suggest that the reduced activity in CMHL rats cannot be explained by deficient leptin-receptor signaling. In addition, plasma ␣-MSH levels are reduced in CMHL rats relative to animals with lesions to the VMN/DMN and they exhibit pronounced hyperinsulinemia and hyperleptinemia within the first week of surgery. These increased plasma leptin and insulin levels cannot be completely accounted for by changes in obesity but are probably attributed to, at least in part, reduced sensing of these hormones due to the destruction of the ARC. Taken together, these data provide support that the CMHL model mimics the metabolic and neuroanatomical disturbances characteristic of obese CP patients and provides further evidence that the ARC is a critical brain area involved in the regulation of feeding and metabolism.
One of the major challenges ahead is to find an effective method for the treatment of hypothalamic obesity. Pharmaceutical approaches aimed at targeting neuronal populations in the ARC and/or VMN, such as leptin or ghrelin receptor antagonists, are unlikely to be effective due to the damage that occurs in these areas. A more promising and effective pharmaceutical approach is to activate targets downstream of leptin signaling. One attractive target is the MC4R, as these receptors are expressed in the PVN and hindbrain (46) , leptin-induced anorexia requires MC4R signaling (47) , and central administration of MC4R agonists reduce food intake and body weight (48) . However, weight-loss induced with single agents has been relatively modest, due to the number of redundant feeding pathways, and the activation of compensatory mechanisms geared to defend against weight loss, such as the induction of melanin concentrating hormone (MCH) expression in the LHA to stimulate feeding. Thus, a combination-based therapy including melanocortin agonists, combined with a MCH receptor-1 antagonist may be more effective in the treatment of hypothalamic obesity. Our novel rat model is therefore important to help facilitate translational research addressing this vexing yet unsolved clinical problem.
In summary, we have created a rat model that recapitulates the unique constellation of features seen in obese CP patients. We demonstrate that lesions that include the ARC, in addition to the VMN and/or DMN, are required to elicit this phenotype. The creation of this CMHL model will help shed light onto the underlying mechanisms of hypothalamic obesity commonly seen in patients with CP and will be used to treat and/or prevent hypothalamic obesity.
